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Bovine seminal ribonuclease (BS-RNase) acquires an interesting anti-tumor activity associated with
the swapping on the N-terminal. The ﬁrst direct experimental evidence on the formation of a C-ter-
minal swapped dimer (C-dimer) obtained from the monomeric derivative of BS-RNase, although
under non-native conditions, is here reported. The X-ray model of this dimer reveals a quaternary
structure different from that of the C-dimer of RNase A, due to the presence of three mutations
in the hinge peptide 111–116. The mutations increase the hinge peptide ﬂexibility and decrease
the stability of the C-dimer against dissociation. The biological implications of the structural data
are also discussed.
Structure summary of protein interactions:
BS-RNase and BS-RNase bind by x-ray crystallography (View interaction)
BS-RNase and BS-RNase bind by molecular sieving (1, 2)
BS-RNase and BS-RNase bind by blue native page (View interaction)
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction toxic consequences for living organisms [1]. It is indeed knownThree-dimensional domain swapping (3D-DS), a protein inter-
action mechanism based on the mutual interchange of identical
structural elements between identical polypeptide chains, is asso-
ciated with several biological functions, with either beneﬁcial orthat through 3D-DS some proteins acquire new biological func-
tions [2], including selective toxicity for tumour cells [3]. On the
other hand 3D-DS has been also associated with amyloid deposits
found in some neurodegenerative diseases [4,5]. Very recently, it
has been suggested that this mechanism can be widespread in pro-
tein folding/unfolding processes [6].
Bovine pancreatic ribonuclease (RNase A) represents a model
system for most studies on 3D-DS. Indeed, it is well-known that
the ﬁrst hypothesis of exchange of N-terminal regions was based
on biochemical experiments performed on this protein [7]. RNase
A was also the ﬁrst protein showing the possibility to exchange dif-
ferent regions of the polypeptide chain, giving rise to a number of
experimental and modelling studies to characterize multimeric
assemblies [1]. Later on, the possibility to exchange different re-
gions, or domains, of the polypeptide chain has been reported also
for other proteins, like bovine seminal ribonuclease (BS-RNase) [8]
and Cyanovirin-N [6], suggesting that this phenomenon may be of
more general occurrence.
In the case of RNases, 3D-DS is usually associated with the
acquisition of new biological functions beyond their basal enzy-
matic activity. BS-RNase, a covalent dimeric homologue of RNase
A, is isolated as an equilibrium mixture of swapped (M M) and
3756 F. Sica et al. / FEBS Letters 587 (2013) 3755–3762unswapped (M = M) isoforms [9] whose subunits are linked by two
inter-subunit disulphides formed by Cys31 of one subunit and
Cys32 of the other, and vice versa. The M M form, which through
the swapping of the N-terminal a-helices is further stabilized by
additional non-covalent interactions between the two subunits,
displays a potentially therapeutic cytotoxic activity for tumour
cells [10,11]. This feature has been related to the shape [12] and
stability [13] of its non-covalent swapped dimeric derivative
(NCD-BS), which forms upon selective reduction of the two
M M inter-chain disulphides [14]. Indeed, upon reduction,
M M quaternary structure is preserved and NCD-BS retains the
ability to evade the inhibitory binding by Ribonuclease Inhibitor
(RI), a protein very abundant in the cytosol of mammalian cells
that binds with high afﬁnity RNase A and also other monomeric,
pancreatic-like, RNases [15,16]. Studies on dimeric variants of
RNase A, obtained by introducing in its sequence residues playing
a key role in the acquisition of the BS-RNase 3D-structure, have
conﬁrmed the strict relation between antitumor activity and
NCD-BS quaternary architecture. Indeed, none of these dimeric
variants retains in its non-covalent form a compact quaternary
structure able to evade RI [17]. This result well correlates with
the much lower cytotoxic activity of these RNase A variants as
compared to BS-RNase [18]. Further hints for the design of more
powerful mutants can be provided by a deeper, comparative eval-
uation of the structural and functional features of BS-RNase and
RNase A. The two enzymes share more than 80% of the primary
structure and a strictly conserved 3D-fold [19], but they have a
completely different behaviour with respect to the swapping pro-
cess. In particular, RNase A swaps either the N- or the C-terminal
tail under hard denaturing conditions, forming the N-Dimer and
the C-Dimer (hereafter denoted as ND-RNase A and CD-RNase A),
respectively [20,21], several trimers [22] and higher size oligomers
[23].
In contrast, in BS-RNase the presence of the inter-chain disul-
phides facilitates the swapping of the N-termini [24]. Interestingly,
an analogous behaviour is shown by RNase A variants engineered
with the same inter-chains disulphides [18,25].
Up to now, it was believed that the C-swapping was precluded
for BS-RNase, due to the presence of a lysine residue replacing
asparagine 113 in the C-terminal hinge region (residues 111–
116). Very recently we have obtained experimental evidences of
the formation of BS-RNase derivatives stabilized by the C-terminal
swapping [8]. Here the ﬁrst clear experimental evidences on the
formation of a C-terminal swapped dimer of the monomeric BS-
RNase derivatives after incubation in acetic acid and lyophilisation
are reported. The crystallographic model of this dimer reveals a
quaternary structure different with respect to that adopted by
the CD-RNase A. The presence in the crystal structure of only few
inter-subunit contacts well explains the low stability of this dimer
against dissociation.
2. Materials and methods
2.1. Protein production and puriﬁcation
Monomeric and dimeric forms of BS-RNase were obtained as
previously described [13]. The P19AL28Q (PALQ-BS-RNase) and
G16SN17TP19AS20A (STAA-BS-RNase) mutants of BS-RNase were
also prepared as already reported [26–28].
The non-covalent dimeric forms of BS-RNase and its mutants
were prepared by following two different protocols, i.e., by lyophil-
isation upon acetic acid incubation of the monomeric derivative
iodoalkylated at the cysteines 31 and 32 (mBS) by iodoacetamide
(IAA), as reported elsewhere [29], and referred to as ‘‘artiﬁcial’’ di-
mers (DART), or by selective reduction of the swapped isoform
(M M) of the covalent dimer, as described in detail in Giancolaet al. [13], and referred to as NCDs. In both cases the dimers were
puriﬁed at 4 C by size exclusion cromatography (SEC) of Sephadex
G-75 (1.5  72 cm).
Cathodic non-denaturing polyacrylamide gel-electrophoresis
was performed at pH 4.5, following the protocol described in Gotte
et al. [8].
2.2. Dissociation studies
The dissociation kinetics of the dimers was analysed following
the amount of dimeric and monomeric proteins as a function of
the incubation time at different temperatures, as previously re-
ported [29]. At regular time intervals, aliquots of the protein sam-
ples were loaded on a Superdex 75 HR 10/30 column on FPLC
system (Pharmacia, Uppsala, Sweden) equilibrated and eluted in
0.1 M Tris–Cl at pH 7.3 containing 0.13 M NaCl.
2.3. Crystallization and data collection
Solutions of puriﬁed DART of mBS (DART-BS) and STAA-mBS
(DART-STAA-BS) at concentration 20.0–25.0 mg/ml in 25 mM so-
dium phosphate at pH 6.7 were used to search for the crystalliza-
tion conditions. Initial screening was carried out using Hampton
Research Crystal Screen 1, Crystal Screen 2, Index, SaltRx and
PEG/Ion at 20 C by the hanging-drop and sitting-drop vapour-dif-
fusion methods. Drops consisting of 0.5 ll protein mixed with an
equal volume of precipitating solution were equilibrated against
500 ll of reservoir solution. Best crystals were grown by using a
crystallization solution containing 36–40% w/v PEG4K, 0.1 M lith-
ium chloride and 0.1 M sodium cacodylate buffer pH 6.2 or 16–
20% w/v PEG35K, 0.2 M lithium chloride, 0.1 M sodium cacodylate
buffer pH 6.0 and 3% v/v acetonitrile, for DART-BS and DART-STAA-
BS, respectively.
X-ray diffraction data were collected at 100 K at the ELETTRA
Synchrotron (Trieste, Italy) using a 165 mm CCD detector from
MAR-Research. Diffraction data were processed using the program
suite HKL2000 [30]. A summary of the indicators commonly used
to estimate the quality of datasets is given in Table 1. Pseudo-mer-
ohedral twinning (twin law h, -k, -h-l and twin fraction 0.49) was
detected using phenix.xtriage from the Phenix suite [31].
2.4. Structure determination and reﬁnement
The structure of DART-STAA-BS (PDB ID: 4N4C) was solved by
molecular replacement using the structure of BS-RNase mono-
meric derivative (PDB ID: 1N1X) as a search model. The reﬁnement
was carried out with REFMAC5 [32] and Phenix [31]. Several
alternating cycles of positional reﬁnement, energy minimization,
individual temperature factor reﬁnement and manual model build-
ing were performed. Model rebuilding was carried out using Coot
[33]. The program PROCHECK [34] was used to analyse the quality
of the ﬁnal structure. The reﬁnement statistics are presented in
Table 1. Figures were drawn using Pymol [35].
3. Results
3.1. Solution studies
Monomeric samples of BS-RNase with the cysteines 31 and 32
alkylated with IAA were incubated in 40% acetic acid for one hour
at room temperature and lyophilised. In a typical experiment,
10 mg of protein were dissolved in 2.0 ml of acetic acid, at a ﬁnal
concentration of 5 mg/ml. After overnight lyophilisation, the pro-
tein was dissolved either in 50 mM Tris–Cl buffer at pH 7.3 con-
taining 0.13 M NaCl or 0.2 M phosphate buffer at pH 6.7 and
loaded on a G-75 column equilibrated in the same buffer and
Table 1
Data collection and reﬁnement statistics. Values in parentheses refer to the highest
resolution shell.
Data collection
Space group P21
Unit-cell parameters (Å, ) a = 28.80
b = 79.04
c = 75.38
b = 101.05
Resolution range (Å) 20.0–2.48 (2.57–2.48)
Measured reﬂections 31997
Unique reﬂections 9497 (467)
Rmerge (%) 6.3 (19.1)
Mean I/r(I) 15.9 (4.5)
Completeness (%) 78.9 (39.0)
Multiplicity 3.4 (2.0)
Twin law h, k, hl
Twin fraction 0.49
Reﬁnement statistics
Resolution limits (Å) 20.0–2.48
R factor (%) 17.0
Rfree (%) 18.6
Number of reﬂections used in the reﬁnement 8385
Number of reﬂections used for Rfree calculation 420
No. of protein atoms 1889
No. of ions 2
No. of water molecules 35
Average B
Protein, overall (Å2) 16.4
Solvent atoms (Å2) 14.3
Rmsd bond lengths (Å) 0.009
Rmsd bond angles () 1.289
Ramachandran statistics
Favoured region (%) 93.6
Allowed region (%) 5.20
Outliers (%) 1.20
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(dashed line). Peak integration revealed that more than 60% of
the protein is eluted as monomer (indicated as M), whilst the
remaining part corresponds to aggregated forms of different size,
although the relative amount of each aggregate varied slightly with
the elution buffer. From the elution volume it is possible to calcu-
late that the ﬁrst peak corresponds to the size of a tetramer, the
second (indicated as TART) to the size of a trimer, and the third
(indicated as DART) to the size of a dimer. The remaining part,
equivalent roughly to the 10% of the total, corresponds to higher
size aggregates. The dimer accounts for about 20–25% of the total
protein amount.
A similar experiment was performed on the STAA-mBS mutant,
obtaining the chromatographic proﬁle also reported in Fig. 1 (solidFig. 1. Chromatographic pattern of a gel-ﬁltration on Sephadex G-75 upon acetic aci
PALQ-BS-RNase, and BS-RNase.line), which closely resembles the one obtained with the parent
(wild-type) protein, except for the slightly higher amount of aggre-
gates. Very similar results were obtained with other BS-RNase mu-
tants, in which residues having key roles in the swapping
phenomenon were substituted with the corresponding ones of
RNase A and which have a different behaviour with respect to
the swapping of the N-terminal ends, i.e., R80S-STAA-mBS [27]
and PALQ-mBS [28]. The elution proﬁle of PALQ-mBS is also shown
in Fig. 1 as an example (dotted line).
The fractions corresponding to the artiﬁcial dimers of both
BS-RNase and STAA-BS-RNase were pooled and a small amount
of these protein samples was loaded on a polyacrylamide gel run
under native conditions (pH 4.5). Aliquots of BS-RNase and of
NCD-BS together with the monomeric forms of BS-RNase and
STAA-BS-RNase (mBS and STAA-mBS) were also loaded on the gel
(Fig. 2). The analysis of the gel indicated clearly that BS-RNase
and NCD-BS (lanes 3 and 4) are characterized by a single band.
On the contrary, both the artiﬁcial dimers (lanes 5 and 6) showed
the presence of a signiﬁcant amount of the corresponding
monomeric forms (lanes 1 and 2), which necessarily had to be
produced upon dissociation of the dimeric species after the gel-ﬁl-
tration and even while running the gel. Interestingly, the
comparison of lanes 3 and 4 with 5 and 6 indicates that the
artiﬁcial dimers migrate on the gel with a mobility very close to
that of NCD-BS, thus suggesting the presence of a single dimeric
form even in the samples prepared by acetic acid lyophilisation,
in contrast with the results obtained for RNase A. It is indeed well
known that the two dimers formed when RNase A is subjected to
the same treatment can be separated by cathodic gel-electrophore-
sis [36].
The fast dissociation of the artiﬁcial dimers indicated by the
gel-electrophoresis prompted a further characterization of their
stability in solution. Therefore, a comparison of the dissociation
processes of the NCD forms of BS-RNase and STAA-BS-RNase with
the corresponding artiﬁcial dimers, i.e., DART-BS and DART-STAA-BS
has been performed. The proteins have been incubated at 37 C
and, at regular time intervals, aliquots corresponding to 0.2 mg of
each sample were loaded on Superdex 75 to evaluate the relative
amount of dimer and monomer. Surprisingly, the kinetic stability
of the two artiﬁcial dimers was found signiﬁcantly lower than that
of the corresponding NCD forms: the t1/2 of the artiﬁcial dimers
were 1.5 h for DART-BS and 0.6 h for DART-STAA-BS, while the values
of the partner NCDs, measured in the same experimental condi-
tions, were 6.1 h and 2.2 h, respectively (Table 2). These results
suggest that the two dimeric forms obtained in different experi-
mental conditions, i.e., the NCDs and the artiﬁcial dimers, haved incubation and lyophilisation of the monomeric derivatives of STAA-BS-RNase,
Fig. 2. Poly-acrylamide gel-electrophoresis under native conditions of the dimeric
forms obtained by incubation in acetic acid followed by lyophilisation of the
monomeric derivatives of BS-RNase and STAA-BS-RNase (mBS and STAA-mBS)
(lanes 5 and 6). The corresponding monomeric forms (lanes 1 and 2), together with
BS-RNase (lane 3) and NCD-BS, obtained by selective reduction of the swapped
dimer (lane 4), are also reported for comparison.
Table 2
Half-live times t1/2 of dimers from dissociation experiments.
t1/2 (h) Ea (kcal/mol)
NCD-BS 6.1 –
DART-BS 1.5 –
NCD-STAA-BS 2.2 92.2
DART-STAA-BS 0.6 56.8
3758 F. Sica et al. / FEBS Letters 587 (2013) 3755–3762different quaternary structures. Interestingly, the two variants
conserved the same relative stability, with the STAA mutant dis-
playing the faster dissociation rate.
A deeper comparison of the behaviour of NCD and DART dimers
has been performed for the STAA-BS-RNase variant, by measuring
the dissociation rate at different temperatures. Straight lines were
obtained at all the temperature explored (in the range 15–37 C),
conﬁrming the homogeneity of all the protein samples. Further-
more, the Arrhenius plot of the kinetic constants allowed the calcu-
lation of the activation energy of the dissociation process, reported
in Table 2, which were 92.2 kcal/mol for NCD and 56.8 kcal/mol for
DART respectively.
These results clearly indicated that NCD and DART dimers have
different quaternary structures, and consequently different
stabilities, in solution. The fast dissociation of the artiﬁcial dimers
prevented any further characterization in solution.
3.2. Crystal growth
The extensive search for crystallization conditions has produced
different results in the case of the native enzyme and of its STAAFig. 3. Crystallographic structure of DART-STAA-BS represented as cartoon. Thevariant. Crystals of DART-BS grew in a very short time (about
12 h), showed an even shorter lifetime (about 10 h), were quite
disordered and their diffraction power decayed after few minutes
of X-ray exposure. As a consequence, only few diffraction images
were recorded. In the case of DART-STAA-BS, the higher stability
of the crystals allowed a complete X-ray diffraction data collection
at 2.48 Å resolution. Unfortunately, in addition to their low diffrac-
tion power, essentially due to their high solvent content (about
60%), crystals are twinned by pseudo-merohedry (see Section 2).
3.3. Crystallographic analysis
The features of DART-STAA-BS crystals (low diffraction power
and twinning) made both solution and reﬁnement processes not
trivial. The structure was solved by molecular replacement using
the BS-RNase monomer as a search model (PDB code: 1N1X). The
asymmetric unit contains two protein chains, whose position and
orientation are compatible with the swapping of their C-terminal
arms. The structure was reﬁned at 2.48 Å resolution to a R value
of 0.170 (Rfree = 0.186) and the ﬁnal model includes 1889 protein
atoms, 2 phosphate ions and 35 water molecules. The average B-
factor computed for all protein atoms is 16.4 Å2. A full list of reﬁne-
ment statistics is reported in Table 1, and the crystallographic
structure of DART-STAA-BS is reported in Fig. 3.
The quality of the electron density maps allowed a detailed
description of nearly the whole molecule. The two chains share
an almost identical structure, as judged from their very low root
mean square deviation (rmsd) of 0.4 Å (rmsd calculated for main
chain atoms excluding residues 111–116). No major topological
variation has been found in the common ribonuclease fold adopted
by each subunit (deﬁned as the structural unit formed by residue
1–110 of one chain, the core of the protein, and residues 117–
124 of the other chain, the swapped domain). Indeed the rmsd be-
tween one of the two subunits and the monomeric enzyme (PDB
code: 1N1X) is 0.7 Å (rmsd calculated for main chain atoms of
residues 1–110 and 117–124). A phosphate ion is bound to each
composite catalytic site stabilizing the dimer by mimicking the en-
zyme substrate, as typically observed in several other ribonuclease
structures [12,21,29,37,38].
The electron density associated with the hinge region (residues
111–116), which connects the swapped domain to the rest of the
protein, is continuous for the A subunit (Fig. 4B) but less well de-
ﬁned in the case of the B subunit. The conformation of segment
111A–116A is stabilized by a strong intra-chain H-bond between
the side chains of K113 and S115 (Fig. 4). None of the two hinge pep-
tides adopts the b-sheet conformation shownby the same regions in
the CD-RNaseA structure (Fig. 5). In the latter, theN113 enforces the
hydrogen bonding network in the b-sheet alignment of the twotwo chains are coloured differently to highlight the C-terminal swapping.
Fig. 4. (A) Structure of the hinge peptides of DART-STAA-BS. Distances are reported in Angstrom. Chain A is coloured blue while chain B is coloured orange. (B) 2Fo  Fc
electron density map of the hinge peptide of chain A contoured at 1.0 r.
Fig. 5. Comparison of the overall structures of DART-STAA-BS (in blue) and CD-RNase A (in red). Only one subunit (composed by residues 1–110 of chain A and residues 117–
124 of chain B) of each dimer has been superimposed; a further 150 rotation is needed to best superpose the second structural unit (residues 1–110 of chain B and residues
117–124 of chain A) of the two dimers.
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that position replaces the stabilizing H-bond with a positive charge
repulsion. Moreover, the mutations of E111 with G and Y115with S
confer a much higher ﬂexibility to this region in the structure of the
C-Dimer of BS-RNase when compared to CD-RNase A, as indicated
by the low deﬁnition of the electron density of the B subunit hinge
peptide, and thus to thewhole swapped dimer. As a consequence, in
the case of DART-STAA-BS there is a decrease in the number of the
inter-hinge contacts. It has to be noticed that in the case of the
C-swapped dimers of both RNases the only additional interactions
formed upon domain-swapping (open interface) involve residues
of the hinge peptides. In particular, the swapped dimer is stabilized
by the burying at the interface between the two hinge peptides of
an area of about 390 and 520 Å2 for DART-STAA-BS and CD-RNase
A, respectively. The peculiar structural features of the hinge
segments produce a quaternary organization of DART-STAA-BS very
different from that of CD-RNase A [21]. Indeed, after superimposi-
tion of one subunit of each dimer, a further rotation of about 150
has to be applied in order to best overlap the second subunits
(Fig. 5).Fig. 6. Putative model of the complex between the ribonuclease inhibito4. Discussion
The comparison of the swapping properties of RNase A and BS-
RNase can provide interesting clues to investigate the 3D-DS
mechanism and its functional implications. Despite the high simi-
larity of their amino acid sequence (more than 80% identity) the
two proteins have a completely different behaviour with respect
to the swapping [12,14,17,26,29]. The N-terminal swapping
mechanism in both systems has already been studied
[12,14,17,26,29] and the residues playing a key role in the process
have been identiﬁed [17].
This paper represents the ﬁrst detailed analysis of the C-termi-
nal arm swapping in the bovine seminal enzyme. In particular, we
report the 3D structure of the single dimer that is formed when
the monomeric derivative of STAA-BS-RNase is incubated in 40%
acetic acid and lyophilised, and the characterization of its stability
against dissociation. These data provide a further evidence of the
distinct properties between RNase A and BS-RNase. The crystallo-
graphic model of DART-STAA-BS shows that in BS-RNase the
exchange of the C-terminal arms between the two subunitsr (PDB code: 1Z7X) and DART-STAA-BS in two different orientations.
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when compared to that observed in the case of CD-RNase A,
namely the RNase A dimer swapping the same structural
elements. This variation is mainly due to the change in the struc-
ture adopted by the hinge peptides (111–116) of the two en-
zymes. In particular, in DART-STAA-BS the b-sheet organization
found in the CD-RNase A structure seems to be hampered by
the unfavourable interaction between two lysine residues at
position 113. On this respect, it is worth to mention here that
the lyophilisation from acetic acid of the monomeric variant of
BS-RNase where lysine 113 was replaced with asparagine, i.e.,
the residue present at the same position in RNase A, produces
an higher amount of the C-terminal swapped dimer and other
multimers in comparison with the wild-type enzyme [8]. The
substitution also results in an increased stability of the oligomeric
forms [8]. The other two substitutions present in the hinge pep-
tide of the seminal enzyme, E111?G and Y115?S, confer a high
conformational ﬂexibility to this region, facilitating the dissocia-
tion of the dimer in solution. All these experimental data conﬁrm
the important role that in the 3D-DS phenomenon is played by
the hinge region [4,38,39], the only structural element that in
a swapping process undergoes a rather large conformational
rearrangement.
Interestingly, no traces of a N-terminal swapped (artiﬁcial) di-
mer of BS-RNase and STAA-BS-RNase have been found in our
experimental conditions. This unexpected result could be due to
a quick dissociation of the dimer or to a very high energy barrier
separating the monomer from the NCD form. The experimental
conditions, in turn, could push the refolding pathway towards
the formation of the C-swapped dimer, which is formed more eas-
ily despite its low stability, and represents the highest quantity
(about 16%) among the aggregated forms recovered from SEC.
The different swapping behaviour of the bovine seminal and pan-
creatic enzymes has most likely to be ascribed to the sequence
mutations.
Like in the case of RNase A, some higher size aggregates are also
formed by lyophilisation from acetic acid, although in this paper
we focused only on the dimer. The structures of these aggregates
are still unknown, therefore the presence of N-terminal swapping
cannot be excluded. At any rate, the characterization of the multi-
mers obtained when the native, dimeric BS-RNase is treated in the
same conditions [8] suggests the occurrence of N-terminal swap-
ping as well.
As far as the biological implications are concerned, unfortu-
nately the fast dissociation of the artiﬁcial dimers in solution pre-
cluded a functional characterization, although it is possible to
foresee that they should be devoid of any signiﬁcant antitumor
function. Modelling studies indicate indeed that the X-ray struc-
ture of DART-STAA-BS ﬁts nicely in the RI cavity, as shown in
Fig. 6, thus reducing the high potential associated with 3D-DS.
Based on these considerations, it can be inferred that the C-swap-
ping of BS-RNase represents an unfavourable event with respect to
the N-swapping, therefore the substitutions of E111, N113, and
Y115 of RNase A with G111, K113 and S115 in BS-RNase should
be considered a favourable event in the evolution, since they re-
duce the effects of C-terminal swapping. Finally, these data enforce
the role of the disulphide bridges linking the two subunits of BS-
RNase, which giving the right orientation to the subunits prepare
the N-terminal swapping [24] and facilitate its occurrence under
mild, physiological conditions.
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